The nucleus accumbens (NAc) is a primary brain reward region composed predominantly of medium spiny neurons (MSNs). In response to early withdrawal from repeated cocaine administration, de novo dendritic spine formation occurs in NAc MSNs. Much evidence indicates that this new spine formation facilitates the rewarding properties of cocaine. Early withdrawal from repeated cocaine also produces dramatic alterations in the transcriptome of NAc MSNs, but how such alterations influence cocaine's effects on dendritic spine formation remain unclear. Studies in non-neuronal cells indicate that actin cytoskeletal regulatory pathways in nuclei have a direct role in the regulation of gene transcription in part by controlling the access of co-activators to their transcription factor partners. In particular, actin state dictates the interaction between the serum response factor (SRF) transcription factor and one of its principal co-activators, MAL. Here we show that cocaine induces alterations in nuclear F-actin signaling pathways in the NAc with associated changes in the nuclear subcellular localization of SRF and MAL. Using in vivo optogenetics, the brain region-specific inputs to the NAc that mediate these nuclear changes are investigated. Finally, we demonstrate that regulated SRF expression, in turn, is critical for the effects of cocaine on dendritic spine formation and for cocaine-mediated behavioral sensitization. Collectively, these findings reveal a mechanism by which nuclear-based changes influence the structure of NAc MSNs in response to cocaine. 
INTRODUCTION
Dendritic spines, the smallest known information processing units in the brain, are small protrusions that radiate from dendrites and are the sites of most excitatory connections in the central nervous system. Alterations in spine density and morphology are a common feature of numerous neuropsychiatric disorders. 1, 2 Spines contain a distinct head region that is attached to the dendrite shaft via the spine neck. Spine head size is generally reflective of synaptic strength such that spines with large heads typically have a larger content of functional surface AMPA receptors than spines with small heads. 3 The nucleus accumbens (NAc) is a primary brain reward region and the chief component of the ventral striatum. Alterations in dendritic spine morphogenesis in medium spiny neurons (MSNs), the principal neuron subtype of the NAc, accompany withdrawal from repeated cocaine administration. [4] [5] [6] [7] The duration of withdrawal from cocaine is a defining determinant of the nature of spine alterations in NAc MSNs such that early (hours, days) cocaine withdrawal is associated with the formation of de novo thin spines typified by a small head region, whereas more protracted (weeks) cocaine withdrawal is associated with enlargements of dendritic spine heads and associated increased strength of NAc MSN synapses. [7] [8] [9] [10] [11] Much evidence supports a role for alterations in synaptic connectivity and strength in NAc MSNs, in contributing to distinct cocaine-mediated behavioral responses. 6, [12] [13] [14] [15] [16] [17] [18] [19] Early withdrawal from repeated cocaine also produces striking alterations in the transcriptome of NAc MSNs, which are thought to be mediated by alterations in transcription factor binding profiles to gene promoter regions. 20 Nevertheless, how such alterations influence spine formation in NAc MSNs remains largely uncharacterized. Here we show that cocaine alters both upstream and downstream regulatory pathways of the serum response factor (SRF) transcription factor in the NAc and we characterize the specific NAc circuits that mediate these changes. In addition, we show that SRF is essential for cocaine-mediated spine morphogenesis in NAc MSNs following early withdrawal. Finally, we reveal an essential role for NAc SRF in cocaine-mediated locomotor behavior. Collectively, these findings exemplify the means through which cocaine-driven alterations in the transcriptional landscape regulate the structure of NAc MSNs during early stages of withdrawal and the consequent effects on drug-mediated behavioral responses.
MATERIALS AND METHODS
The detailed description of the materials and methods is provided in the Supplementary Information.
Experimental animals
For all biochemistry experiments using intraperitoneally injected saline or cocaine, C57BL/6J male mice (Jackson Labs, Bell Harbor, ME, USA) were A G-actin/F-actin in vivo assay kit from Cytoskeleton, Denver, CO, USA (BK037) was used to isolate G-actin and F-actin fractions following the manufacturer's protocol and as described previously. 23 
Immunohistochemistry
Active Neural Wiskott-Aldrich syndrome protein (N-WASP) was labeled using a conformation-specific rabbit anti-active N-WASP antibody (1:2000) , a gift from John Condeelis and described previously. 24 Chicken anti-NeuN (Millipore (Billerica, MA, USA) catalog number ABN91 RRID:AB_11205760) was used to label neuronal somas. Quantification of active N-WASP intensity was accomplished by analyzing a single image in the middle of each individual cell's Z-plane projection, where the middle was defined as the region in which the soma size is at its maximum. This approach prevents cells with greater spread into the Z-plane from artificially increasing fluorescent intensity measurements as detailed previously. 23 Within each experiment, all microscope parameters, including magnification, pinhole size, digital gain and offset, were kept constant. All imaging and quantification was performed blind to experimental conditions.
Spine imaging and analysis
Dendritic spines were imaged and analyzed from NAc MSNs using established procedures. 6, 23, 25 Dendrites were imaged only if: (1) uniform green fluorescent protein (GFP) distribution was apparent, (2) they could be traced back to their parent soma and (3) they were a minimum of 50 μm away from the soma. One to two dendrites per cell were imaged, and total spine density and the density of thin, stubby and mushroom spines were semi-automatically analyzed using NeuronStudio (http:// research.mssm.edu/cnic/tools-ns.html). All imaging and quantification were done blind to experimental conditions.
HSV surgeries and infusions
For delivery of herpes simplex virus (HSVs) to the NAc, ketamine/xylazine anesthetized mice were infused with 0.5 μl of virus per hemisphere delivered a rate of 0.1 μl infused per minute. This was followed by a 5 min wait period in which no infusions were given. Relative to the bregma, the stereotaxic coordinates used to target the NAc are: anterior/posterior, 1.6 mm; medial/lateral 1.5 mm; dorsal/ventral − 4.4 mm, at a 10°fixed angle. The proper targeting of HSVs to the NAc was assessed using fluorescent microscopy.
Adeno-associated virus optogenetic stereotaxic surgery and viral vectors
Adeno-associated virus (AAV)-CamKIIa-ChR2-EYFP-CaMKIIa-ChR2-EYFP (University of North Carolina) was injected in the basolateral amygdala (BLA), ventral hippocampus or medial prefrontal cortex (mPFC) using stereotaxic surgery. Virus (0.5 μl) was delivered per hemisphere at a flow rate of 0.1 μl min − 1 followed by a 5 min inactive period to allow for viral diffusion. After a minimum of 6 weeks post AAV infusion, medial NAc targeting optical fibers (200 μm core 0.22 NA; Thor Labs, Newton, NJ, USA) enveloped by ceramic zirconia ferrules (Precision Fiber Products, Milpitas, CA, USA) were implanted onto the skull.
Optogenetic stimulation parameters
Fiber patch cords (Precision Fiber Products) were connected to a blue laser diode (473 nm; OEM Laser Systems, Bluffdale, UT, USA) and stimulator. For each stimulation session, 60 light bursts of 5 ms (intensity 15-20 mW) at a frequency of 30 Hz were delivered every 20 s for 20 min on 7 consecutive days as described previously. 23 For mock simulation conditions, the same viral conditions were used as in stimulated mice and the optical fibers connected to patch cords; however, the laser was not activated.
Quantitative chromatin immunoprecipitation
Quantitative chromatin immunoprecipitation methods are contained in the Supplementary Information. Primer sequences and locations within promoter regions are shown in Supplementary Table 1.
Cocaine self-administration
Cocaine self-administration procedures for the 24 h and 30-day withdrawal rats have been described in detail previously. 23 Briefly, rats were implanted with chronic indwelling jugular catheters and allowed for a 1-week recovery. Rats were trained to self-administer cocaine or saline for 5 days during 1 h sessions where responses to the active snout-poke hole caused infusions followed by a 30 s time out period using a FR1 schedule, which was increased per day to an FR5 schedule. Following acquisition, rats underwent 10 days of extended access saline or cocaine in which rats had 6 h access according to an FR5 reinforcement schedule.
For cue-induced reinstatement, rats underwent 14 days of saline or cocaine self-administration in which infusions were accompanied by a 5 s illumination of a stimulus light above the active snout-poke hole and the house light was turned off for the duration of the time-out period (30 s). Rats were then exposed to multiple within-session extinction sessions, during which the chambers were dark and responses were recorded but resulted in no programmed consequences. On the subsequent day, rats were given a 1 h test of cue-induced reinstatement during which active responses produced cues previously paired with drug delivery (that is, illumination of the stimulus light above the active snout-poke hole for 5 s and the house light extinguished for 30 s). NAc was then isolated 24 h after the cue session.
RESULTS

miR-132/212 control NAc actin regulatory pathways
The microRNAs, miR-132 and miR-212, attenuate cocaine's reinforcing and rewarding properties when induced in the dorsal striatum 26 and we showed recently that loss of these microRNAs in the NAc increases cocaine place conditioning. 23 As such, the identification of striatal signaling pathways whose expression or function are altered by the loss of miR-132/212 has been used as an initial means of identifying candidate cocaine regulatory pathways. 23 Actin, a core cytoskeleton component, is present in all neuronal compartments and exists in either a monomeric form (G-actin) or in higher-order filaments composed of multiple monomeric actin subunits (F-actin), 2 and studies have revealed an important role for the regulation of synaptic actin in the effects of miR-132/212 on neuronal function. 27 Actin is also enriched in neuronal nuclei where its role extends beyond structural support, as actin state is a critical determinant of gene transcription. [28] [29] [30] We were thus interested in determining whether miR-132/212 shape nuclear actin pathways in NAc neurons. Phalloidin, a toxin that directly and specifically binds F-actin, is typically incapable of binding nuclear F-actin owing to the altered size or conformation of nuclear F-actin as compared with F-actin in non-nuclear cellular compartments. 31 Indeed, phalloidin failed to label nuclear F-actin in NAc neurons ( Supplementary Figures 1a and b) . Nevertheless, the facilitation of F-actin formation in neuronal nuclei can be assessed by the activity of actin-binding proteins that directly polymerize actin monomers into F-actin filaments. The N-WASP actin-binding protein initiates de novo F-actin formation by linking G-actin monomers to the Arp2/3 complex, thereby forming an actin nucleation core that favors elongation. 2 To determine whether active N-WASP levels are altered upon the loss of miR-132/212 in NAc neurons, we infused HSV vectors expressing Cre recombinase and GFP (HSV-Cre-GFP) into the NAc of loxP-flanked (floxed) miR-132/212 mice enabling NAc-specific loss of these microRNAs; HSV-GFP was used as a control (Supplementary Figures 2a and b) . HSVs specifically infect neurons and we found that HSV-Cre-GFP is effective in causing the loss of miR-132/212 in floxed mice ) for 7 days followed by a 24 h withdrawal. Coronal NAc-bearing sections were immunostained for NeuN to label neuronal soma (and exclude glia) along with active N-WASP using a conformation-specific antibody. Sections were counterstained with DAPI to label nuclear regions. Images show 0.1 μm steps in the Z-plane of individual NAc shell neuronal soma. Active N-WASP fluorescent intensity in the region defined by DAPI was used to assess levels in the nucleus, whereas levels in the NeuN region minus levels in the DAPI region was used to assess cytoplasmic levels. (e) Quantification reveals that cocaine increases active N-WASP levels in NAc neuronal nuclei (Student's t 99 = 4.177, ***P o0.0001, n = 51 cells from 5 brains for saline and 50 cells from 5 brains for cocaine). (f) Quantification reveals that cocaine does not alter active N-WASP levels in NAc neuronal cytoplasm (Student's t 99 = 0.02852, P = 0.98, n = 51 cells from 5 brains for saline and 50 cells from 5 brains for cocaine).
(g and h), Westerns blottings of G-actin and F-actin subfractions derived from P1 NAc fractions. Levels of MAL and histone H1 are enriched in the F-actin subfraction relative to that of G-actin (MAL, Student's t 6 = 5.545, **P = 0.0015, n = 4 brains; Histone H1, t 6 = 2.473, *P = 0.0482, n = 4 brains), whereas levels of SRF are enriched in the G-actin subfraction (Student's t 6 = 6.809, ***P = 0.0005, n = 4 brains). Histone H3 was exclusively found in the F-actin subfraction. (i) Experimental design. Mice were IP injected with saline or cocaine (20 mg kg − 1 ) for 7 days followed by a 24 h withdrawal. P1 fractions were obtained from NAc lysate and subsequently subfractionated into G-actin and F-actin subfractions. (j and k) Proteins levels of SRF in the P1 F-actin and G-actin subfractions are shown following 24 h withdrawal from saline or cocaine treatment. Cocaine treatment increased the ratio of SRF present in the P1 F-actin subfraction relative to the G-actin subfraction (Student's t 59 = 2.602, **P = 0.0022, n = 29 saline brains and 32 cocaine brains). All summary data are depicted as the mean+s.e.m. (Supplementary Figure 2c) . Using immunohistochemistry we found that Cre-driven loss of miR-132/212 increased nuclear N-WASP activity in NAc neurons (Supplementary Figures 2d-f) .
Whereas N-WASP facilitates F-actin formation, other actin regulatory proteins limit G-actin pools by enhancing the stability of existing F-actin structures. Notably, PDZ-RhoGEF was recently identified as an F-actin-binding protein that induces F-actin bundling, 32 which enhances filament stability. 33 Arhgef11, which encodes PDZ-RhoGEF, is a predicted target of both miR-132 and miR-212, and we recently showed that knockout of these microRNAs after several weeks increases PDZ-RhoGEF levels in NAc whole-cell lysates. 23 Whether these microRNAs also affect PDZ-RhoGEF levels more rapidly and whether any altered expression occurs in the nucleus remain unknown. To this end, we infused HSV-Cre-GFP or HSV-GFP into the NAc of floxed miR-132/212 mice and 5 days later harvested NAc tissue (Supplementary Figure 3a) . P1 (crude nuclear) fractions were then isolated from NAc lysates using established methods. 23 The rapid loss of miR-132/212 increased PDZ-RhoGEF in NAc P1 fractions (Supplementary Figures 3b and c) . As a control, we examined levels of a related actin regulatory protein, RasGRF1, 2 which is not a predicted target of these microRNAs. Consistent with this, we found no alterations of RasGRF1 levels upon the loss of miR-132/212 (Supplementary Figures 3b and c) . 
Cocaine regulates nuclear actin pathways in the NAc
The combined actions of active N-WASP and PDZ-RhoGEF could enable synergistic effects such that nuclear F-actin formation and subsequent F-actin stability, respectively, are augmented by the loss of miR-132/212 in NAc neurons. To determine whether N-WASP and PDZ-RhoGEF are enriched in distinct actin subtype pools in NAc nuclei, NAc P1 fractions were further processed allowing for the isolation of G-actin-enriched and F-actin-enriched subfractions ( Figure 1a) . Consistent with its role in facilitating G-actin polymerization, 2 we found that N-WASP was more highly enriched in the G-actin subfraction as compared with the F-actin subfraction. Conversely, PDZ-RhoGEF was significantly enriched in the F-actin subfraction consistent with its known F-actin-binding capabilities 32 ( Figures 1b and c) . Although we previously showed that early withdrawal from repeated cocaine administration increases nuclear PDZ-RhoGEF levels in NAc, 23 whether N-WASP activity is similarly regulated by cocaine is not known. To this end, mice were withdrawn from repeated non-contingent (experimenter-administered) cocaine for 24 h and NAc tissue immunostained for active N-WASP. We found that cocaine increased active N-WASP levels in NAc neuronal nuclei (Figures 1d-f) .
Within the nucleus, actin structure is a critical regulator of gene transcription, particularly that mediated by the SRF transcription factor. 34, 35 Notably, MAL (also known as MRTF-A or MKL1), a principal co-activator of SRF, directly binds G-actin. 36 Increases in nuclear G-actin content reduce SRF-mediated gene transcription by the sequestering of MAL from SRF, as well as by fostering MAL nuclear export. 35, 37, 38 MAL also interacts with F-actin 39 and nuclear F-actin polymerization enhances SRF-mediated gene transcription through MAL. 40 Thus, nuclear signaling pathways that limit the G-actin pool, by either facilitating F-actin formation or by limiting the breakdown of F-actin, can facilitate MAL-SRF interactions and concomitant SRF-mediated gene transcription. 41 In G-actin and F-actin subfractions derived from NAc P1 fractions, MAL is particularly enriched in the F-actin subfraction (Figures 1g and  h ). The F-actin subfraction is also enriched in histones, which are minimally expressed or entirely absent in the G-actin subfraction (Figures 1g and h) . Surprisingly, opposite to its MAL co-activator, SRF is enriched in NAc P1 G-actin subfractions (Figures 1g and h) , suggesting that SRF's presence in the F-actin subfraction where MAL and histones are enriched could be a limiting factor for SRF-mediated gene transcription. Indeed, the overexpresson of the enzymatic GEF domain (DHPH) of PDZ-RhoGEF, which has been previously shown to facilitate SRF-mediated gene transcription, 42 increases the abundance of SRF in P1 F-actin subfractions (Supplementary Figures 4a-c) . Consistent with this, we found that, although early withdrawal from repeated noncontingent cocaine administration does not affect total MAL-SRF expression in NAc P1 fractions (Supplementary Figures 5a-g ), cocaine increased the abundance of SRF in the NAc P1 F-actin subfraction relative to saline (Figures 1i-k and Supplementary  Figures 6a and b) . These results parallel our previous findings of an increase in P1 F-actin MAL enrichment following early cocaine withdrawal despite no change in total expression in the P1 fraction. 23 To evaluate the specificity of the cocaine effects, we also examined SRF's localization in actin subfractions following withdrawal from chronic morphine and found no regulatory effects of morphine (Supplementary Figures 7a-c) .
Cocaine induces the expression of Rock1 in the NAc The serine/threonine kinase Rock1 promotes F-actin stability by phosphorylating and inhibiting the actin-binding protein cofilin, a negative regulator of F-actin growth.
2 Rock1 in the nucleus induces SRF-mediated gene transcription via its ability to limit the available G-actin pool and hence the constraints on MAL-SRF interactions. 43 Within gene promoters, SRF directly binds to canonical sites termed serum response elements (SREs) and in silico analysis indicates that the Rock1 promoter contains multiple putative SREs ( Figure 2a ). As F-actin is extremely labile, sustainment of F-actin regulatory pathways would be important in the maintenance of SRF-mediated signaling by preventing the replenishment of G-actin pools. To determine whether SRF binding to putative SREs in the Rock1 promoter is altered by cocaine, mice were withdrawn from repeated non-contingent cocaine administration for 24 h, and binding of SRF to putative Figure 3 . Self-administered cocaine regulates MAL-SRF expression in the NAc. (a) Experimental design. Rats were implanted with intravenous catheters and some rats exclusively self-administered saline and others cocaine during daily 6 h sessions for 10 consecutive days. Twenty-four hours following the last session, NAc was dissected and fractionated into P1 and S2 fractions. (b and c). Western blottings and quantification showing that cocaine increased levels of NAc P1 fraction MAL relative to saline rats (Student's t 17 = 2.127, *P = 0.0484, n = 8 saline brains and 11 cocaine brains). P1 SRF showed a non-significant trend toward increased levels in response to self-administered cocaine (Student's t 21 = 1.863, P = 0.0798, n = 8 saline brains and 11 cocaine brains). (d and e) Western blottings and quantification of NAc S2 fraction MAL and SRF levels following 24 h withdrawal from chronic self-administered cocaine. Cocaine did not alter S2 fraction MAL or SRF levels relative to saline rats (MAL, Student's t 17 = 1.452, P = 0.1648; SRF, t 17 = 1.566, P = 0.1357, n = 8 saline brains and 11 cocaine brains). (f) Graphs show the ratio of MAL and SRF in the P1 fraction relative to the S2 fraction following 24 h withdrawal from self-administered cocaine. The ratio of SRF in the P1 fraction relative to the S2 fraction was increased in cocaine-treated rats as compared with those treated with saline (Mann-Whitney test, U = 10.00, **P = 0.0057, n = 8 saline brains and 11 cocaine brains). The ratio of MAL in the P1 fraction relative to the S2 fraction showed a trend toward an increase in cocaine-treated rats (Mann-Whitney test, U = 21.00, P = 0.0632, n = 8 saline brains and 11 cocaine brains). (g) Experimental design. Rats self-administered saline or cocaine for 14 days and a light cue was presented during each intravenous drug infusion. Rats were then subjected to 1 day of extinction in which lever presses were no longer rewarded with drug infusions and no light cues were administered. One day after extinction, rats were re-exposed to the same light cue that had previously indicated drug delivery; however, no saline or cocaine was administered. The NAc was isolated 24 h after cue re-exposure and P1 and S2 fractions derived. (h and i). Western blottings and quantification showing that exposure to a cocaine-associated cue is sufficient to induce expression of MAL, but not SRF, in NAc P1 fractions (MAL, Student's t 19 = 3.507, **P = 0.0024, n = 7 saline brains and 14 cocaine brains; SRF, t 21 = 1.379, P = 0.1823, n = 8 saline brains and 15 cocaine brains). (j and k). Western blottings and quantification showing that exposure to a cocaine-associated cue does not alter levels of MAL or SRF in NAc S2 fractions (MAL, Student's t 21 = 0.7803, P = 0.4439; SRF, t 21 = 0.1518, P = 0.8808, n = 8 saline brains and 15 cocaine brains). (l) Experimental design. Rats were implanted with intravenous catheters and rats allowed to exclusively self-administer saline or cocaine during daily 6 h sessions for 10 consecutive days. Thirty days after the last session, NAc tissue was dissected and fractionated into P1 and S2 fractions. (m and n). Western blottings and quantification showing protein levels of MAL and SRF in NAc P1 fractions following 30-day withdrawal from chronic self-administered cocaine. Cocaine decreased levels of NAc P1 fraction SRF relative to saline rats (Student's t 28 = 2.057, *P = 0.0491, n = 14 saline brains and 16 cocaine brains). MAL showed a non-significant trend toward decreased levels in response to self-administered cocaine (Student's t 28 = 1.859, P = 0.0735, n = 14 saline brains and 16 cocaine brains). (o and p) Western blottings and quantification of NAc S2 fraction MAL and SRF levels following 30-day withdrawal from chronic self-administered cocaine. Cocaine did not alter S2 fraction MAL or SRF levels relative to saline rats (MAL, Student's t 28 = 1.423, P = 0.1657; SRF, t 28 = 1.491, P = 0.1472, n = 14 saline brains and 16 cocaine brains). (q) Graphs show the ratio of MAL and SRF in the P1 fraction relative to the S2 fraction following 30-day withdrawal from self-administered cocaine. The ratio of SRF in the P1 fraction relative to the S2 fraction was decreased in cocaine-treated rats as compared with those treated with saline (Mann-Whitney test, U = 60.00, *P = 0.0323, n = 14 saline brains and 16 cocaine brains). The ratio of MAL in the P1 fraction relative to the S2 fraction did not differ between saline-and cocaine-treated rats (Mann-Whitney test, U = 76.00, P = 0.1400, n = 14 saline brains and 16 cocaine brains). All summary data are depicted as the mean+s.e.m.
SREs assessed in NAc extracts using chromatin immunoprecipitation. We found no evidence of SRF binding to two of the three putative SREs; however, at a putative SRE located 599 base pairs (bp) downstream from the Rock1 transcription start site, SRF binding exceeded that of an IgG control specifically in cocainetreated mice. Further, the binding of SRF at this site was greater in cocaine-treated mice as compared with saline-treated mice (Figure 2b) .
To assess the specificity of our chromatin immunoprecipitation findings, as a positive control we examined SRF binding to an SRE on the Fosb promoter, which has been shown to bind SRF in a manner unaffected by cocaine (−440 bp from the Fosb transcription start site) 44 ( Supplementary Figure 8a) . Consistent with this, we found that the magnitude of SRF binding to this SRE is similar in NAc between saline-and cocaine-treated mice (Supplementary Figure 8b) . Figures 8d and e) .
To determine whether Rock1 protein levels are altered by cocaine, mice were withdrawn from repeated non-contingent cocaine for 24 h and NAc tissue fractionated into the P1, S2 (cytoplasmic) and P2 (synaptoneurosomal) compartments (Figure 2c ). We found that cocaine selectively increased Rock1 levels in the P1 fraction (Figures 2d-f) . Within NAc P1 fractions, we found that actin is recovered in immunoprecipitates of Rock1 (Figure 2g ), indicating that Rock1 associates with actin in this fraction. To determine whether Rock1 preferentially interacts with a particular actin subtype, NAc P1 fractions were subfractionated into G-actin and F-actin (Figure 2h ), and we found that Rock1 is most highly enriched in the F-actin subfraction (Figures 2i and j) , consistent with its role in altering the function of F-actin binding proteins.
2 Following 24 h withdrawal from non-contingent cocaine, the abundance of Rock1 in the P1 F-actin subfraction is increased as compared with saline ( Figures 2k and l and Supplementary Figures 9a and b) , indicating that cocainemediated increases in P1 fraction Rock1 levels are primarily due to increased levels in the F-actin subfraction.
Self-administered cocaine regulates MAL-SRF expression in the NAc Paradigms in which rodents self-administer drugs of abuse are valuable in modeling specific aspects of human drug addiction in that rodents initiate a voluntary act to receive the drug and the escalation of cocaine intake over time models aspects of human compulsive drug consumption. 45 To determine whether longaccess cocaine self-administration affects MAL or SRF levels in NAc, rats self-administered saline or cocaine for 10 days, followed by a 24 h withdrawal. NAc tissue was then dissected and fractionated into the P1 and S2 fractions (Figure 3a) . We found that early withdrawal from self-administered cocaine increased MAL levels in the P1 fraction with a strong trend for an increase in SRF levels as well (Figures 3b and c) . On the other hand, neither levels of MAL nor SRF in the S2 fraction were affected by cocaine self-administration (Figures 3d and e) . Next, we assessed the relationship between levels of these proteins in the P1 and S2 fractions, and found a significant increase in the P1 to S2 ratio for SRF and a strong trend for MAL after cocaine treatment (Figure 3f ).
Cues associated with drug use in humans function as triggers for relapse after periods of drug abstinence. 46 To determine whether cues associated with cocaine intake in rodents are in and of themselves capable of triggering altered expression of MAL or SRF, we used a cue-induced reinstatement paradigm in which the ability of a light cue previously associated with drug infusion to trigger biochemical alterations was examined. Animals were studied 24 h after re-exposure to the cue (Figure 3g) . We found that re-exposure to the associative light cue was sufficient to trigger a selective increase of MAL in the P1, but not S2, fraction of NAc in rodents that had previously self-administered cocaine as compared with saline. However, no changes in SRF levels were detected in either fraction (Figures 3h-k) .
To determine whether the biochemical changes we observed are specific for early withdrawal periods, rats were subjected to 30-day withdrawal from repeated self-administered cocaine (Figure 3l) . Surprisingly, protracted cocaine withdrawal produced a significant reduction in SRF levels and a trend toward reduced MAL levels in NAc P1 fractions. No changes in the S2 fraction were observed (Figures 3m-p) . Further, we found that long-term cocaine withdrawal decreased the ratio of SRF in the P1 fraction relative to S2, with no significant change in MAL (Figure 3q ). Different from self-administered cocaine, protracted withdrawal from non-contingent cocaine did not affect NAc SRF or MAL expression (Supplementary Figures 10a-d) .
Glutamatergic NAc circuits regulates MAL-SRF expression Recruitment and engagement of glutamatergic signaling in NAc neurons mediates many of the rewarding properties of cocaine. [47] [48] [49] [50] [51] [52] [53] The NAc receives direct glutamatergic input from numerous structures, including the mPFC, the BLA and the ventral hippocampus. 54, 55 Although stimulation of glutamatergic inputs to the NAc produces reward behavior in rodents irrespective of their brain region of origin, 56 pathway-specific effects have been reported and remain incompletely understood. [57] [58] [59] [60] To determine whether stimulating glutamatergic inputs to the NAc alters the expression of MAL or SRF in a pathway-specific manner, we used in vivo optogenetics to achieve circuit-specific activation of individual inputs to the NAc using stimulation parameters similar to those previously shown to be behaviorally reinforcing. 23, 56 Mice underwent a single 20 min stimulation session per day for 7 days; NAc tissue was dissected 24 h after the last stimulation session and P1 NAc fractions subsequently isolated. Stimulation of channel rhodopsin (ChR2)-expressing terminals in the NAc that project from the mPFC (Figures 4a and b) increased SRF levels in NAc P1 fractions as compared with mock-stimulated mice, whereas MAL levels were unaltered (Figures 4c and d) . Conversely, stimulation of ChR2-expressing terminals in the NAc that project from the BLA (Figures 4e and f) increased MAL levels in NAc P1 fractions, with no effect on SRF (Figures 4g and h ). The stimulation of ventral hippocampus inputs to the NAc did not alter the expression of either MAL or SRF (Supplementary Figures 11a-d) .
As the stimulation of mPFC projection terminals in the NAc increases SRF expression in NAc P1 fractions, we determined whether SRF preferentially associates with a particular actin pool in NAc P1 fractions after stimulation. To this end, we stimulated ChR2-expressing terminals in the NAc that project from the mPFC and isolated G-actin and F-actin subfractions from NAc P1 fractions (Figure 4i ). Similar to early withdrawal from repeated cocaine administration (Figures 1j and k) , stimulation of mPFC to NAc inputs increased SRF F-actin to G-actin ratios (Figures 4j  and k) , indicating a preferential enrichment of SRF in the vicinity of NAc nuclear F-actin pools. As cocaine also increases MAL enrichment in NAc nuclear F-actin pools, 23 we examined MAL's association with G-actin and F-actin following mPFC to NAc stimulation and found a trend toward an increase in the MAL F-actin to G-actin ratio (Figures 4l and m) . Stimulation of BLA to NAc inputs did not alter the balance between SRF or MAL levels in NAc P1 F-actin vs G-actin subfractions (Supplementary Figures  12a-e) .
SRF mediates cocaine's effects on dendritic spine morphogenesis Recent work suggests that SRF regulates the expression of the activity-regulated cytoskeleton-associated protein Arc (Arg3.1). 61 In silico analysis indicates that Arc contains two putative SREs in its promoter region (Figure 5a ). Although assessment of binding to each individual SRE was not possible given their close proximity to each other, using chromatin immunoprecipitation we found that collective SRF binding to the putative Arc SREs was increased in NAc of repeated cocaine-treated mice relative to saline-treated controls at the 24 h withdrawal timepoint (Figure 5b ). To determine whether cocaine alters Arc protein expression, mice showing that stimulation of BLA axon terminals that project to the NAc increases MAL levels in NAc P1 fractions (Student's t 29 = 2.179, *P = 0.0376, n = 14 stim brains and 17 mock-stim brains), with no significant effect on SRF levels (Student's t 30 = 0.5171, P = 0.3089, n = 14 stim brains and 18 mock-stim brains). (i) Experimental design. AAV5-CaMKIIa-ChR2-EYFP was infused into the mPFC and axons that project from this region to the medial NAc were stimulated (or mock-stimulated) during 20 min sessions per day for 7-days and NAc tissue dissected 24 h following the final stimulation session. The stimulation parameters were identical to those described in 4a. G-actin and F-actin subfractions were derived from NAc P1 fractions. (j and k) Western blottings and quantification showing levels of SRF in NAc P1 fraction G-actin and F-actin subfractions following stimulation or mock-stimulation of axon terminals in the NAc that originate from mPFC neurons. Stimulation of mPFC inputs to the NAc increased the ratio of SRF in the P1 F-actin subfraction relative to the P1 G-actin subfraction (Student's t 21 = 2.423, *P = 0.0245, n = 12 stim brains and 11 mock-stim brains). (l and m) Western blottings and quantification showing levels of MAL in NAc P1 fraction G-actin and f-actin subfractions following stimulation or mock-stimulation of axon terminals in the NAc that originate from mPFC neurons. Stimulation of mPFC inputs to the NAc showed a non-significant trend toward altering MAL in the P1 F-actin subfraction relative to the P1 G-actin subfraction (Student's t 21 = 1.678, P = 0.1074, n = 12 stim brains and 12 mock-stim brains). All summary data are depicted as the mean+s.e.m. ) treatment was used to assess differential binding of SRF to putative SREs on the Arc promoter. Due to their close proximity to each other, binding at each individual SRE was not possible; collective binding across both SREs was thus assessed. (b) SRF binding to the putative SREs exceeded that of IgG in both saline-and cocaine-treated mice. SRF binding at these sites was greater in cocaine-treated relative to saline-treated mice (2 × 2 analysis of variance (ANOVA) main effects of SRF pulldown F 1,24 = 71.39, ***P o0.0001 and drug treatment F 1,24 = 4.39, *P = 0.0335; Bonferroni post hoc saline IgG versus saline SRF, ***Po0.001, cocaine IgG versus cocaine SRF, ***P o0.001; Bonferroni post hoc saline SRF versus cocaine SRF, *P o0.05; n = 7 saline brains and 7 cocaine brains). (c and d) Mice were IP injected with saline or cocaine (20 mg kg − 1 ) for 7 days followed by a 24 h withdrawal. NAc lysates were fractionated into P1, S2 and P2 fractions. Cocaine significantly increased Arc levels in the P2 fraction with no effect in the P1 or S2 fractions (2 × 2 ANOVA main effect of drug treatment F 1,54 = 5.336, *P = 0.0247; Bonferroni post hoc P2 fraction saline versus cocaine, **Po 0.01; P1 and S2 fraction saline versus cocaine, P40.05; n = 10 saline brains and 10 cocaine brains). were withdrawn for 24 h from repeated cocaine and NAc tissue fractionated into P1, S2 and P2 fractions. We found that cocaine selectively increased Arc levels in the P2 fraction (Figures 5c and  d) , suggestive of a role for synaptosomal Arc in cocaine action. As we also identified a cocaine-induced SRF binding site in the Rock1 promoter (Figure 2b) , we tested further the involvement of SRF in the regulation of Rock1 and Arc protein levels. To this end, we infused HSV-Cre-GFP into the NAc of loxP-flanked (floxed) SRF mice, which we previously showed is effective in reducing NAc P1 SRF levels, 23 and acutely withdrew mice from repeated cocaine administration. HSV-GFP was used as a control. We found that SRF loss reduced Rock1 and Arc levels in the P1 and P2 fractions, respectively (Supplementary Figures 13a-f) .
Dendritic spines can be divided into three distinct functional subclasses that include stubby spines, which have a clear spine head but lack a neck, and neck-bearing thin and mushroom spines where the size of the head region (typically larger in mushroom spines) is among the primary distinguishing features of these spine types. 62 Arc has a characterized role in augmenting the selective formation of de novo thin dendritic spines with no effect on mature mushroom spines. 63 Early (hours, days) withdrawal from repeated cocaine administration is similarly typified by selective increases in thin dendritic spine density on NAc MSNs with minimal effects on mature spine numbers. 6, 8, 23 However, how manipulations of SRF in adult neurons affect spine morphogenesis remains unknown. To assess this, we infused HSV-Cre-GFP or HSV-GFP into the NAc of floxed SRF mice and acutely withdrew them from repeated cocaine administration (Figure 5e ). Total spine density and the density of individual spine subtypes was then assessed using established procedures 6, 23, 25 (Figures 5f-h ). We found that cocaine significantly increased total dendritic spine density on NAc MSNs expressing HSV-GFP relative to salinetreated mice; however, MSNs expressing HSV-Cre-GFP were unresponsive to the spine morphogenic effects of cocaine (Figures 5i and j) . Further, we found that cocaine increased the density of thin spines (which includes filopodia) on NAc MSNs expressing HSV-GFP, with no effect on the densities of either stubby or mushroom spines (Figures 5k-m) . Consistent with a selective induction of thin spines, we found that in HSV-GFPexpressing NAc MSNs mean spine head diameter was lower in cocaine-treated relative to saline-treated mice (mean ± s.e.m.; GFP saline, 0.477 ± 0.016 μm; GFP cocaine, 0.436 ± 0.011 μm; *Po 0.05). In neurons expressing HSV-Cre-GFP, cocaine failed to alter the density of thin spines (Figure 5k) , with no effect on mean spine head diameter (mean ± s.e.m.; Cre saline, 0.488 ± 0.015 μm; Cre cocaine, 0.534 ± 0.016 μm; P40.05), indicating that SRF is essential for cocaine-mediated de novo thin spine formation in NAc MSNs.
NAc SRF is essential for cocaine-induced locomotor sensitization The formation of new dendritic spines on NAc MSNs is correlated with locomotor sensitization in response to repeated cocaine. 49, 64 As we show that the loss of SRF prevents the normal upregulation of new thin dendritic spines by cocaine, we were interested in determining whether SRF loss in the NAc impacts cocainemediated locomotor responses. To test this, HSV-Cre-GFP or HSV-GFP was infused into the NAc of floxed SRF mice and cocaine locomotor responses were measured using an escalating dose paradigm in which mice were injected with a moderate cocaine dose (8.5 mg kg − 1 ) for 4 days followed by injection with a higher cocaine dose (15 mg kg − 1 ) for 4 days (Supplementary Figure 14a) . We found that SRF loss does not affect locomotor responses to the 8.5 mg kg − 1 cocaine dose, similar to previous results using moderate cocaine doses. 44 However, SRF loss significantly reduced locomotor responses to the 15 mg kg − 1 dose (Supplementary Figure 14b) . Further analysis indicates that the loss of SRF in the NAc blocks locomotor sensitization in response to an escalation in cocaine dose (Supplementary Figure 14c) .
Although the above findings indicate that SRF in not important for locomotor responses to moderate cocaine doses during a mouse's first exposure to cocaine, it is nevertheless possible that SRF could have a role in controlling responses to lower cocaine doses in mice with a prior history of cocaine intake. To test this, HSV-Cre-GFP or HSV-GFP was infused into the NAc of floxed SRF mice and mice were injected in their home cage with a high cocaine dose for 7 days. Following 8 days of withdrawal, locomotor responses to a low cocaine dose challenge were assessed in a novel cage (Supplementary Figure 15a) . The loss of SRF in the NAc reduced locomotor responses to the cocaine challenge ( Supplementary Figure 15b and c) .
DISCUSSION
Although the mechanisms by which cocaine regulates SRF signaling were previously largely uncharacterized, knowledge of this is important given that NAc SRF is a critical mediator of cocaine's rewarding properties. 65 We previously showed that cocaine increases the physical interaction between MAL and SRF in NAc nuclei. 23 Here we extend these findings by detailing the effects of cocaine on MAL-SRF signaling in the NAc, we assess cocaine's ability to regulate SRF binding to gene promoter regions, we reveal the role for glutamatergic neurotransmission in regulating NAc MAL-SRF expression, we demonstrate the requirement of SRF in cocaine-mediated structural alterations in NAc MSNs and we reveal a previously unknown role for NAc SRF in behavioral sensitization (see Supplementary Figure 16 for summary).
We found that repeated non-contingent cocaine administration increases the expression and/or activity of F-actin regulatory molecules, including N-WASP and Rock1, in the NAc. The synergistic actions of these molecules would be expected to promote F-actin formation and stability, and as such likely limit the normal G-actin constraints on MAL. In addition, we found that cocaine increases the abundance of SRF in nuclear F-actin subfractions, which likely places SRF in close proximity to F-actin-enriched MAL. In contrast, morphine did not alter the abundance of SRF in G-actin or F-actin nuclear pools indicating that regulation of SRF's subcellular localization is at least partially specific to cocaine and not a common feature of all drugs of abuse. We showed recently that cocaine increases the physical interaction between MAL and SRF in the NAc, 23 and the enrichment of SRF in F-actin nuclear pools by cocaine is one mechanism by which this could occur. The enrichment in F-actin pools could also place SRF in closer proximity to potential DNAbinding sites given that we show histones are nearly exclusively present in nuclear F-actin regions. Given F-actin's lability, the sustainment of F-actin promoting regulatory pathways is important for the maintenance of SRF-mediated signaling. In this regard, it is of particular interest that cocaine induces the binding of SRF to the Rock1 promoter, as such action could trigger a positive feedback loop, whereby increased SRF expression or activity directly contributes to the sustenance of nuclear F-actin, which in turn further maintains heightened SRF activity.
Actin state also influences the shuttling of MAL and SRF to and from the nucleus, as increased nuclear G-actin levels are associated with increased SRF and MAL nuclear export, and hence reduced nuclear levels. Opposite to this, nuclear F-actin formation facilitates nuclear MAL accumulation. 40, 43 During early withdrawal from non-contingent cocaine we found that SRF levels are increased in nuclear F-actin subfractions with no alteration in that associated with G-actin. The fact that SRF levels in the G-actin fraction are not decreased by cocaine suggests that the rise in F-actin SRF is not likely due to the shuttling of SRF from G-actin to F-actin pools. As SRF undergoes constitutive cycling between the cytoplasm and nucleus, 43 upon entering the nucleus it is possible that there is greater opportunity for SRF to interact with F-actin and reduced opportunity to interact with G-actin following cocaine treatment. The interaction with F-actin would not only place SRF in close proximity to DNA binding regions but also potentially confer greater stability to SRF in that it is more immune to nuclear export. In this regard, it is interesting that during early withdrawal from non-contingent cocaine SRF nuclear to cytoplasmic ratios increase. Similarly, during early withdrawal from selfadministered cocaine SRF nuclear to cytoplasmic ratios increase, with a decrease during long-term withdrawal. Parallel alterations in MAL were also seen, but these changes failed to achieve statistical significance. We previously found that, in response to self-administered cocaine, NAc nuclear expression of PDZ-RhoGEF is increased during early withdrawal and decreased during long-term withdrawal. 23 Such bidirectional changes could influence the relative ratios of SRF and MAL in the nucleus vs the cytoplasm via PDZ-RhoGEF's effects on nuclear F-actin stability.
In response to early withdrawal from self-administered cocaine, MAL expression is increased in NAc P1 fractions with a strong trend for an increase in SRF as well. Interestingly, protracted (30 days) withdrawal decreases NAc SRF levels with a trend toward a loss of MAL. It is possible that more robust increases in SRF during early withdrawal and decreases in MAL during long-term withdrawal would result from slightly different withdrawal times or by using different cocaine doses. The consequences of SRF loss during long-term withdrawal are not entirely clear at present. Drug seeking behavior intensifies with longer withdrawal periods, increasing the propensity toward relapse. 66, 67 It is possible the loss of SRF dampens the heightened drug-seeking behavior typical of protracted cocaine withdrawal. Indeed, adaptations in NAc MSNs that oppose relapse have been observed after long-term cocaine withdrawal. 15 As long-term withdrawal from non-contingent cocaine does not affect MAL-SRF expression, this adaptation might be unique to self-administration paradigms. The voluntary nature of the drug intake could account for differences relative to experimenter-administered paradigms; however, differences in the amount of cocaine intake and the duration of cocaine availability could be important factors as well. Species differences might also be of importance as the non-contingent studies were performed in mice and the contingent studies in rats.
BLA innervation of a subtype of NAc MSNs is increased during early cocaine withdrawal 68 and BLA to NAc signaling is critical for responsivity to reward-predictive cues, 69 including cue-induced cocaine reinstatement. 59 We found that exposure to a cocainepredictive cue induces MAL expression in the NAc. As we also show that the stimulation of BLA to NAc terminals, but not those from other regions, increases NAc MAL expression, it is conceivable that cue-induced MAL expression is driven by BLA to NAc signaling. Following 24 h withdrawal from chronic selfadministered and experimenter-administered cocaine mPFC to NAc glutamatergic transmission is enhanced. 70 As we found stimulation of mPFC to NAc inputs increased SRF expression, whereas the stimulation of other NAc inputs exerted no effects on SRF, cocaine-mediated increases in mPFC to NAc glutamatergic transmission potentially influence NAc SRF levels.
Finally, we show that SRF is a critical mediator of cocaine's effects on new thin spine formation in the NAc following early withdrawal and is critical for cocaine locomotor sensitization. Interestingly, the induction of weak synapses in NAc neurons during early cocaine withdrawal preferentially occurs in neurons that are the most strongly activated by cocaine. 71 Recent studies suggest that the progression from thin spines during early cocaine withdrawal to mature spines during long-term withdrawal is best conceptualized as a form of 'metaplasticity' such that the sprouting of new weak connections serves as a locus at which subsequent synaptic strengthening can occur. 9, 72 Indeed, although the formation of new thin spines in NAc MSNs during early withdrawal is associated with increased cocaine-associated behavioral responses, such as drug seeking and locomotor responses, 6, 16, 23 the transition to synaptic maturation in most NAc neural circuits during longer withdrawal periods (for example, 1-2 months) further heightens such behavioral responses. 14, 15 The fact that SRF is essential for cocaine-mediated formation of new thin spines during early withdrawal highlights an important role for this molecule in generating the framework through which behavioral responses to cocaine are established. Indeed, we found that SRF loss in the NAc attenuates cocaine-mediated locomotor responses to a high dose of cocaine and blocks sensitization responses resulting from an escalation in cocaine dose. Further, SRF loss inhibited locomotor responses to a low dose challenge in mice with a history of prior cocaine intake. Previous work has shown that the combined loss of SRF plus CREB severely reduces place preference for cocaine at multiple doses, indicative of a synergistic role for these molecules in regulating cocaine's rewarding properties. 65 While numerous studies support the idea that alterations in structural plasticity, including de novo spine formation, are key determinants of cocaine-mediated behavioral responses, 4, 6, 11, 23, 49, 64 understanding how SRF loss impacts cocaine-mediated alterations in NAc MSN synaptic function merits further attention and remains an interesting question for future studies.
Both acute and repeated cocaine administration increase F-actin levels with concomitant reductions in G-actin in NAc synaptosomes. 73 In the case of repeated cocaine, this F-actin increase is accompanied by alterations in the expression and activity of multiple actin binding proteins that would predictably facilitate the genesis of filopodia. 73 Here we found increased N-WASP activity and increased levels of Rock1 in NAc nuclei following early cocaine withdrawal, which would likely favor F-actin formation and stability, respectively. Taken together, these findings indicate that repeated cocaine administration potentially augments F-actin content in multiple compartments of NAc neurons. Interestingly, manipulation of F-actin in the NAc affects cocaine behavioral responses in a manner sensitive to cocaine history. Namely, inhibition of NAc F-actin increases reinstatement behavior following extinction, 73 whereas NAc F-actin inhibition reduces locomotor sensitization in rodents that have received chronic cocaine. 74 In these experiments, the rapid effects (within 30 min) of F-actin inhibition on cocaine-elicited behaviors were assessed, on the time scale of alterations in spine morphogenesis as opposed to gene transcription. As we found that SRF loss in the NAc reduces locomotor sensitization and because SRF activity is highly regulated by nuclear actin state, it would be interesting to determine the precise contributions of nuclear F-actin in the NAc to cocaine behavioral responses and the comparative functions of nuclear versus synaptosomal F-actin in this regard. Addressing these questions will be aided by the development of investigative tools in which actin state can be manipulated in specific neuronal compartments.
